Identifying genetic variants that contribute to phenotypic variation is expected to provide insights into the etiology of complex traits. Here we show how combining genetic mapping in an outbred population of rats with sequence data from the progenitors of the population made it possible to identify causal variants and genes for a large number of phenotypes. We identified 355 genomic loci contributing to 122 measures relevant to six models of disease, including fear-related behaviors and experimental autoimmune encephalomyelitis. At 35 of those loci we identified the responsible gene, and in some cases, the responsible variant.
Introduction
Genome-wide association studies have been very successful at identifying regions of the genome where genetic variation is correlated ("associated") with phenotypic variation (Quantitative Trait Loci, QTLs), but identifying the causal variants underlying the QTLs remains a challenge. Finding causal variants (single nucleotide poly-morphisms (SNPs), insertions, deletions and other structural variants) can provide insights into the etiology of the trait by identifying the responsible genes and highlighting the mechanisms involved (e.g. change in protein sequence, regulation of gene expression). The rat Genome Sequencing and Mapping (RGSM) Consortium reported in an article [1] published in Nature Genetics last year the identification of 35 causal genes for 31 phenotypes including models of anxiety, multiple sclerosis and four other diseases ( Table 1) . Our study combined genome-wide association mapping with whole-genome sequence data in a population of 1407 outbred, Heterogeneous Stock rats. Here we give an overview of the study and present those results that are relevant to behaviour and neurosciences. We also point the reader to a web-based, user-friendly viewer where the data and results of our study can be explored in details.
Genetic Contribution to Phenotypic Variation and Genetic Mapping
Genetic mapping in the rat NIH Heterogeneous Stock (HS) identifies QTLs at sufficiently high resolution to enable the search for causal variants and genes. The NIH-HS is descended from eight inbred strains (BN/SsN, MR/N, BUF/N, M520/N, WN/N, ACI/N, WKY/N and F344/N) through more than sixty generations of circular breeding [2] [3] (Figure 1) . Because a large number of recombination events have accumulated over the generations, each HS rat is a fine-grained mosaic of the eight progenitor genomes (Figure 1) . As a result, it is possible to precisely map the genetic variants that contribute to phenotypic variation.
The RGSM Consortium collected in 2006 HS rats 160 measures relevant to at least six models of disease: anxiety, type 2 diabetes, hypertension, obesity, osteoporosis, and multiple sclerosis. The phenotyping pipeline was designed so that collecting one measure would affect measures collected at a later point as little as possible [3] [4] . For genetic mapping, 1407 of these rats were also genotyped at 265,551 SNPs spread throughout the genome. Using these genotypes and a mixed model approach [5] , we estimated the proportion of phenotypic variation attributable to additive genetic effects (heritability) to range between 4% and 74% across the 160 measures.
We next sought to identify genomic loci contributing to phenotypic variation. Genetic mapping in the HS is best performed using haplotype mapping [6] , so we first reconstructed the chromosomes of the HS rats as mosaics of the progenitor haplotypes (a haplotype is a coloured block in Figure 1) . To do so, we compared at each locus the genotypes of each HS rat with the genotypes of the progenitors using a method called a Hidden Markov Model [6] . We then tested whether one or more of the progenitor haplotypes was associated with phenotypic variation at each locus. We identified 355 QTLs for 122 measures at a false discovery rate of 10% (Figure 2 ). These QTLs explain on average 42% of the phenotypic variation of genetic origin, contrasting with studies in humans where typically less than 10% of the heritable phenotypic variation is explained by known QTLs. This difference is likely due to the absence of rare variants, whose effects are very difficult to detect, in the rat HS [1] .
The median size of the 90% confidence intervals for the QTLs identified in the HS was 4.5 Mb, which compares very well with more traditional mapping populations such as F2 crosses, where QTLs are typically 80 Mb wide and encompass 800 genes [7] . Because the QTLs mapped in the HS still comprise more than 40 genes on average, we used sequence data to try to narrow down the list of candidate genes at the QTLs.
Combining Sequence Data with Genetic Mapping to Identify Causal Genetic Variants and Genes
To identify causal variants using genetic mapping, genotypes for every single variant segregating in the population are required. It is possible to obtain this information in the HS by sequencing only the eight progenitors and Figure 1 . The NIH Heterogeneous Stock. The NIH Heterogeneous Stock is descended from eight inbred progenitors through more than 60 generations of outbreeding. As a result, each HS rat chromosome is a fine-grained mosaic of the progenitor genomes (a pair of homologous chromosomes is shown). This mosaic can be reconstructed from the genotypes of the HS rats and the eight progenitors. It is used to map QTLs in the HS and to leverage sequence data from the progenitors to the HS rats. A large number of sequence variants exist within each haplotype (i.e. block). then reconstructing the sequence of each HS chromosome as a mosaic of the progenitor genomes. The RGSM Consortium used next-generation technology to sequence the HS progenitors. Virtually all variants that exist between the progenitors of the HS were identified in the regions of the genome accessible to next generation sequencing (about 85% of the genome). A total of 7.2 million SNPs, 633,000 small insertions/deletions and 44,000 larger variants were catalogued. Having reconstructed the HS chromosomes as mosaics of the progenitor genomes, we were able to impute the variant callsin the HS rats and thereby virtually genotype each HS rat at each of the sequence variants. We used a statistical test called "merge analysis" to identify potential causal variants among the variants present at the QTL [8] . Briefly, for each variant present at the QTL, merge analysis compares two models for phenotypic variation: one based on the genotypes at the variant, and one based on the progenitor haplotypes. If the QTL arises from a single causal variant, the genotypic model for this variant will be more significant than the haplotypic model. Therefore, variants for which the genotypic model is more significant than the haplotypic model have the potential to underlie the QTL, and we called them "candidate variants" (Figure 3) .
A surprising finding of our study was the high proportion (44%) of QTL without candidate variants, which suggests that they arise from multiple causal variants. At those QTLs with "candidate variants" however, merge analysis helped us to identify the causal variant and/or gene. We describe three situations where we were able to identify the causal factor with confidence.
First, there are QTLs where only one gene contains "candidate variants" (as defined by merge analysis). One example is a QTL on chromosome 2 for "response latency" in the two-way active avoidance task in the shuttle box. Figure 4(a) shows that Catenin delta 2 is the only gene at the QTL that has "candidate variants", and is therefore likely to be the causal gene. The mean "response latency" in a single 40-trial session of the shuttle box task (i.e. the average latency to cross to the opposite compartment in presence of the conditioned-avoidance response-or the unconditioned-escape response-stimulus) represents the efficiency to acquire that conflict/anxietydriven learning task. It is a validated rat measure of anxiety, as shown by behavioural, psychopharmacological and lesion studies [9] - [13] . Catenin-delta 2 (Ctnnd2) is a protein found in complexes with cadherin cell adhesion molecules at neuronal synapses. It has been shown to have a role in hippocampal plasticity and function, as well , and between phenotype and each of the four variants (blue dots). The progenitor haplotypes always capture the QTL effect because the causal alleles segregate with the haplotypes they are on. The strain distribution pattern (SDP) of V1 is the same as that of the causal SNP (one allele in progenitors 1 and 2, the other in progenitors 3 and 4). Therefore, V1 and the causal SNP are perfectly correlated in the HS. It results that genotypic variation at V1 explains phenotypic variation as well as haplotypic variation does, and the association of V1 with the phenotype is more significant than that of the haplotypes. Contrastingly, the SDP of V3 is uncorrelated to that of the causal variants, so that V3 and the causal variant are uncorrelated in the HS animals, and V3 is not associated with the phenotype. The SDP of V2 is imperfectly correlated with that of the causal variant, so that V2 and the causal variant are imperfectly correlated in the HS. As a consequence, genotypic variation at V2 does not capture the QTL effect as well as haplotypic variation does. The two variants that capture the QTL effect as well as the haplotypes are called "candidate variants" and are coloured dark blue.
as in hippocampus-dependent tasks such as spatial learning and contextual fear conditioning, as evidenced by Ctnnd2 knockout mice [14] . These findings appear to indicate a role of Ctnnd2 in response latency in the shuttle box test, as the two-way avoidance task is known to be hippocampus-dependent, and strongly related to contextual fear conditioning and anxiety [11] [13] .
Second, merge analysis helped identify causal variants when one of the "candidate variants" was predicted to affect protein structure. Thus, we identified a candidate variant in ABCB10 that was predicted to alter the transporter function of ABCB10 and in turn affect mean red blood cell volume. ABCB10 is a mitochondrial transporter whose role in erythroid differentiation has been demonstrated [15] - [17] .
Finally, merge analysis contributed to the understanding of experimental autoimmune encephalomyelitis (EAE), a neuroinflammatory disease that constitutes a validated rat model of multiple sclerosis [18] . The major histocompatibility complex (MHC) class II region on chromosome 20 (named Eae1) is known to influence EAE susceptibility, although attempts to identify the responsible gene have had limited success. We were able to prioritise genes at the QTLs based on their proximity with the most significant "candidate variants". For example, at a QTL for severity of EAE located in the major histocompatibility complex (MHC), one of the three most highly associated "candidate variants" was in an intron of Btnl2 and another was 274 bp upstream of RT1-Db1, both in the MHC class II region in chromosome 20 (Figure 4(b) ).
This study by the RGSM Consortium demonstrates the power of coupling sequence data with genetic mapping in model organism populations of known ancestry to identify variants and genes controlling complex traits. The genetic mapping results and sequence data are available for other investigators to explore in more details at http://mus.well.ox.ac.uk/gscandb/rat Guidelines for this web-based viewer can be found in a supplementary note to our Nature Genetics article [1] . All the data are available from public repositories and are described in details in Baud et al. [19] . 
